The nictitating membrane/eyelid response has been used the electromyographic activity of the orbicularis oculi muscle were for many years as an experimental model for the study of recorded in behaving cats during spontaneous and experimentally motor learning (Gormezano et al. 1983; Thompson 1986; evoked reflex blinks, and conditioned eyelid responses. Reflex Woody 1986). A recent description of blinks evoked by the presentation of air puffs, flashes, or tones the kinetic properties of cat upper lid suggested the existence consisted of a fast downward lid movement followed by late, small of a É25-Hz oscillator underlying reflex and conditioned downward waves, recurring at É50-ms intervals. The latency, maxresponses (CRs). Human eyelid CRs present 25-to 30-Hz imum amplitude, peak velocity, and number of late waves depended on the modality, intensity, and duration of the evoking discontinuities in downward lid displacement (Marquis and stimulus. The power spectra of acceleration records indicated a Porter 1939), a fact also observed during conditioning of dominant frequency of É20 Hz for air puff-evoked blinks. Flashes rabbit nictitating membrane (Welsh 1992) or upper lid (Gruand tones usually evoked small and easily fatigable reflex responses art et al. 1997b) responses, and in the electromyographic of lower dominant frequencies (14-17 and 9-11 Hz, respec-(EMG) activity of the orbicularis oculi muscle during classitively). A basic É20-Hz oscillation was also noticed during lid cally conditioning of eyelid blinks in rabbits (Berthier fixation, and ramplike lid displacements evoked by optokinetic 1992), mostly when air puffs were used as conditioned (CS) for those descriptions is the reported oscillatory behavior of These learned lid movements differed in latency, maximum amplipericruciate cortex neurons in the cat during the acquisition tude, and profile smoothness depending on the modality (air puff, tone), intensity (weak, strong), and presentation site (ipsi-, contra-of conditioned blink movements (Aou et al. 1992) and of lateral to the unconditioned stimulus) of the conditioned stimulus. cerebellar interpositus neurons during reflex blinks also in It was found that the characteristic ramplike profile of a conditioned cats (Gruart and Delgado-García 1994).
The nictitating membrane/eyelid response has been used the electromyographic activity of the orbicularis oculi muscle were for many years as an experimental model for the study of recorded in behaving cats during spontaneous and experimentally motor learning (Gormezano et al. 1983; Thompson 1986 ; evoked reflex blinks, and conditioned eyelid responses. Reflex Woody 1986) . A recent description of blinks evoked by the presentation of air puffs, flashes, or tones the kinetic properties of cat upper lid suggested the existence consisted of a fast downward lid movement followed by late, small of a É25-Hz oscillator underlying reflex and conditioned downward waves, recurring at É50-ms intervals. The latency, maxresponses (CRs). Human eyelid CRs present 25-to 30-Hz imum amplitude, peak velocity, and number of late waves depended on the modality, intensity, and duration of the evoking discontinuities in downward lid displacement (Marquis and stimulus. The power spectra of acceleration records indicated a Porter 1939), a fact also observed during conditioning of dominant frequency of É20 Hz for air puff-evoked blinks. Flashes rabbit nictitating membrane (Welsh 1992) or upper lid (Gruand tones usually evoked small and easily fatigable reflex responses art et al. 1997b ) responses, and in the electromyographic of lower dominant frequencies (14-17 and 9-11 Hz, respec-(EMG) activity of the orbicularis oculi muscle during classitively). A basic É20-Hz oscillation was also noticed during lid cally conditioning of eyelid blinks in rabbits (Berthier fixation, and ramplike lid displacements evoked by optokinetic 1992), mostly when air puffs were used as conditioned (CS) for those descriptions is the reported oscillatory behavior of These learned lid movements differed in latency, maximum amplipericruciate cortex neurons in the cat during the acquisition tude, and profile smoothness depending on the modality (air puff, tone), intensity (weak, strong), and presentation site (ipsi-, contra-of conditioned blink movements (Aou et al. 1992 ) and of lateral to the unconditioned stimulus) of the conditioned stimulus. cerebellar interpositus neurons during reflex blinks also in It was found that the characteristic ramplike profile of a conditioned cats (Gruart and Delgado-García 1994) .
response was not smooth, but appeared to be formed by a succesIn spite of this convincing evidence, the possibility that sion of small waves at a dominant frequency of É20 Hz. The eyelid movements might be organized in an oscillatory fashamplitude (and number) of the constituting waves depended on ion has not been approached from an experimental point of the characteristics of the conditioned stimulus and on the time view. For example, because attentive processes seem to be interval until unconditioned stimulus presentation. Thus condisupported by a 40-Hz oscillator (Llinás and Ribary 1993) , tioned responses seemed to be formed from lid displacements of the lid motor system has to be fast enough to accomplish 2-6Њ in amplitude and É50 ms in duration, which increased in its motor tasks (emotional expression, corneal protection, number throughout conditioning sessions, until a complete (i.e., lid closing) conditioned response was reached. It is suggested that etc.) without compromising vision. In this sense, blinks seem a É20-Hz oscillator underlies the generation of reflex and condi-to accompany spontaneous eye saccades (Gordon 1951) , tioned eyelid responses. The oscillator is susceptible to being neu-particularly all saccade gaze shifts ú15Њ (Evinger et al. rally modulated to modify the velocity of a given quantum of 1994), and have been related to the resetting of visual informovement, and the total duration of the lid response. Learned mation during alertness (Evinger et al. 1984; eyelid movements are probably the result of a successively longer 1995). On the other hand, the kinetics of this motor system release of the oscillator as a function of the temporal-spatial needs imposes that blink amplitude can only be increased at the of the motor response.
expense of a proportional increase in blink peak velocity (see Gruart et al. 1995 for references) . This limitation suggests that a given angular trajectory of the lid can be accom-
I N T R O D U C T I O N
plished by a single, fast downward lid displacement, as already reported for reflex blinks, or by a succession of downThe classical view of motor tremor as an exclusive, adward steps, in a staircase manner, as recently described for monitory symptom of a pathological condition contrasts vivcat eyelid CRs . idly with early descriptions of the effect of the electrical
The eyelid motor system is load free, has a negligible stimulation of cerebral motor cortex; namely, that ''the fremass (i.e., less inertial damping), and is, apparently, free of quency of muscular response to stimulation of the cortex proprioceptors (Porter et al. 1989) . This latter point is very does not vary with the rate of excitation, but maintains a important because the system's oscillatory properties cannot nearly uniform rate of about 10 per second'' (Horsley and be ascribed to local feedback circuits. Lid movement can Schäfer 1886). For the present view, tremor is considered be precisely recorded with the magnetic field search coil to be not an unwanted byproduct of movement performance, technique for a long time in chronic alert behaving animals, or the exclusive result of the inertial and viscoelastic properties of moving body parts, but a necessary background for as well as the EMG activity of the orbicularis oculi muscle affixed to the table. Data illustrated in Figs. 1-3 were obtained (Gruart and Delgado-García 1994; Gruart et al. 1995) . In a during the first two recording sessions. previous paper we have described the kinetics of spontaneData illustrated in Figs. 4-9 were obtained from the classical ous, reflex and conditioned eyelid responses (Gruart et al. conditioning of eyelid responses, using different conditioning para-1995). In the present paper we study their frequency-domain digms. Animals were ascribed at random to one of five different properties. It was found that both reflex and conditioned conditioning paradigms. For one-half of the animals (n Å 7), eyelid responses present movement discontinuities at a dom-conditioning sessions were repeated for up to 12 days, being preinant frequency of 20 Hz. Moreover, CRs seemed to be ceded by two habituation sessions and followed by two extinction generated from a basic 50-ms downward wave or sag. This sessions. The other animals were conditioned for 6 days, also prequantum of movement was successively added in a stair-ceded by two habituation sessions. After two extinction sessions these animals were conditioned again with a different paradigm caselike manner during conditioning sessions until reaching for 6 days, not followed in this latter case by any extinction session a more-or-less damped downward ramp movement of the lid, (see below).
i.e., a complete CR. It was concluded that a 20-Hz oscillator Raw data (presented in Fig. 10 ) regarding lid movements folunderlies the generation of reflex blinks and allows the aclowing successful, de novo innervation of the orbicularis oculi quisition of entirely new motor lid responses in a quantal muscle by a hypoglossal-facial anastomosis were collected from manner. Part of this work has been presented in abstract unpublished material of a recent work (Gruart et al. 1996) . These form (Domingo et al. 1996) . recordings were made with similar eyelid coils and EMG electrodes to those reported for the present experiments.
Special care was taken during recording sessions to avoid any
discomfort to the experimental subjects. Indeed, the continuous monitoring of heart and respiratory rhythms with noninvasive pro-
Subjects
cedures during the recording sessions yielded values not significantly different of those recorded with the cat resting in the arms A total of 14 adult female cats, obtained from an authorized of one of us. supplier (Iffa-Credo), were used as experimental subjects. Animals were prepared for the chronic bilateral recording of upper eyelid
Recording of eyelid movements and EMG activity of the displacements and EMG activity of the orbicularis oculi muscle.
Animals were handled in accordance with the guidelines of the orbicularis oculi muscle European Union Council (86/609/EU) and following current Eyelid movements were recorded with the magnetic field search Spanish legislation (BOE 67/8509-8512 1988) for the use of labocoil technique. As described elsewhere (Gruart and Delgadoratory animals in chronic experiments. García 1994; Gruart et al. 1995) , eyelid coils were calibrated with the help of a transparent protractor placed sagittally to the head and with its center at the external canthus of the lids. For the sake
Surgical procedures
of homogeneity, the gain of the recording system was set at 1 V Å 10Њ. Lid opening ranged 38-42Њ for the 14 animals. The EMG Animals were anesthetized with pentobarbital sodium (Nembuactivity of the orbicularis oculi muscle was recorded with differental, 35 mg/kg ip) following a protective injection of 0.5 mg/kg tial amplifiers (AM 502, Tektronix) at a bandwidth of 10 Hz to of atropine sulphate to prevent unwanted vagal reflexes. A five-10 kHz. turn coil was implanted into the center of each upper eyelid at Ç2 mm from the lid margin. Coils were made of Teflon-coated stainless steel wire, with an external diameter of 50 mm. Coils weighed Stimuli evoking reflex eyelid responses a mean of 12.3 mg (i.e., É1.5% of the cat's upper lid weight) and Blinks were elicited with puffs of air directed to the cornea and did not produce any noticeable lid drooping or impairment of lid tarsal skin, flashes of light, and tones. Air puffs were applied movements. Animals were also implanted with bipolar hook electhrough the opening of a plastic pipette (3 mm diam) located 1 trodes in both orbicularis oculi muscles. These electrodes were cm away from the cornea, at a lateral angle of 45Њ with respect to made of the same wire as the coils, and bared É1 mm at the tip. the central direction of gaze. Air puff duration ranged from 20 to One of the wires was aimed at the zygomatic subdivision of the 500 ms, and air pressure at the source was set at 0.5-3 kg cm 02 . facial nerve, 1-2 mm posterior to the external canthus, and the The precise onset of air puff stimuli to corneal and lid mechanoreother was implanted in the upper lid, 1 mm medial to the coil. A ceptors was determined with the help of a microphone located at 1-mm-diam silver electrode was attached to the skull as a ground.
the same distance as the animal's eye. The recorded signal was Finally, animals were provided with a head-holding system for rectified, integrated, and fed into the computer as 1-V square pulses stability and coil reference purposes during the recording sessions.
for latency measurements. Bright full-field flashes lasting for É1 Three bolts were anchored to the skull in the vertical stereotaxic ms were used as a blink-evoking visual stimulus. The xenon arc plane with the aid of six small screws fastened to the bone. The lamp was located 1 m in front of the animal. Tones of 600 or 6,000 bolts were cemented to the skull with an acrylic resin. Eyelid coil, Hz applied for 10-100 ms were used as acoustic stimuli. The EMG, and ground wire terminals were soldered to a nine-pin socket loudspeaker was located 80 cm below the animal's head. Each also cemented to the holding system. Further details of this chronic stimulus modality was presented in blocks of 10-50 stimuli at preparation have been described elsewhere .
variable intervals (5 { 1 s). A minimum of 30 s was allowed between successive presentations of stimuli of different modalities. Slow (ramp) eyelid movements were achieved by optokinetic
Recording sessions
stimulation in the vertical plane at constant velocity. The planetarium was located 25 cm above the animal's head and projected a Recording sessions (a maximum of 18 per animal) were carried out for 3 h/day, beginning 2 wk after surgery. The animal was random pattern of illuminated spots on a concave screen located 1 m in front of the animal's eyes. The planetarium was rotated in lightly wrapped with an elastic bandage and placed in a foamcoated Perspex box located on the recording table. The animal's ramps of 0.1-10Њ/s in the upward or downward directions.
No experimental stimulus was used to evoke spontaneous eye head was immobilized by attaching the holding system to a bar blinks and ''eyelid friendly displays'' . These paradigms. Nevertheless, and as already reported , animals trained with the ap c -AP paradigm did not achieve eyelid motor responses were collected off-line for analysis from tape recordings with the help of a homemade window discriminator ú50% of conditioned responses along the conditioning paradigm.
As indicated above, conditioning sessions were preceded by two set to the detection of the initial fast increase in velocity of these eyelid responses.
habituation sessions and followed by two extinction sessions. Conditioning sessions were repeated up to 12 times in 7 of the animals and up to 6 in the other 7. The latter animals were reconditioned
Classical conditioning paradigms
with an ap i -AP paradigm at seven different CS-US interstimulus intervals (25, 50, 70, 150, 250, 500 , and 750 ms) during six condiThe classical conditioning of eyelid movements was achieved tioning sessions. by the use of one delayed (1) and four trace (2-5) conditioning
In all cases, the conditioning session consisted of 12 blocks paradigms. 1) Delayed tone-air puff (T-AP) paradigm: a 350-ms, separated by a variable time interval (range 4-6 min). Each block 600-Hz, 90-dB tone was presented to the animal as CS. The tone consisted of 10 trials separated at random by intervals ranging was followed 250 ms from its onset by a 100-ms, 3-kg cm 02 air from 20 to 40 s. In a trial within each block, the CS was presented puff stimulation directed to the left cornea as US. The tone and alone, i.e., was not followed by the US. The complete conditioning air puff finished simultaneously. 2) Trace AP i -AP paradigm: anisession lasted for É2 h. Only the stimulus selected as CS was mals were presented with a short (20 ms), strong (3 kg cm 02 ) air presented during habituation and extinction sessions, with the same puff as CS, followed 250 ms later by the US described in 1. Both number of blocks per session and trials per block, and with a CS and US were applied to the same (left) cornea and eyelids. 3) similar random distribution of interblock and intertrial intervals. Trace ap i -AP paradigm: animals were presented with a short (20 As a control procedure, four additional animals prepared for ms), weak (0r8 kg cm 02 ) air puff as CS, followed 250 ms later experiments not reported here were trained, before any other experby the US described in 1. As for the AP i -AP paradigm, both CS imentation, to the unpaired presentation of the same CS and US and US stimuli were presented to the left cornea. 4) Trace ap c -AP described in paradigms 1-4. The session consisted of a total of paradigm: a short (20 ms), weak (0r8 kg cm 02 ) air puff was 120 CS plus 120 US presented alone and distributed at random at presented to the contralateral (right) cornea as CS, followed 250 a variable (30 { 10 s) interval. Each animal was presented with ms later by the US described in 1, presented to the left cornea. 5) one of the different CSs used in paradigms 1-4. The US was the Trace t-AP paradigm: in this case, animals were presented with a same as described above. Up to three to five sessions were carried 20-ms, 600-Hz, 90-dB tone as CS, followed 250 ms later by the out per animal. No CRs were observed in those circumstances. US indicated in 1. The use of multiple (n Å 5) conditioning paradigms was intended to ascertain the different (if any) oscillatory properties of the eyelid motor system depending on the conditioning paradigm, and on the modality, intensity, and presentation side Data collection and analysis of stimuli used as a CS.
Each of the conditioning paradigms 1-4 (T-AP, AP i -AP, ap iThe horizontal and vertical position of both upper eyelids, the unrectified EMG activity of both orbicularis oculi muscles, and 1-AP, ap c -AP) was used to train three animals, and conditioning paradigm 5 (t-AP) a further two. An animal was considered to be V rectangular pulses corresponding to blink-evoking stimuli, or to CSs and USs presented during conditioning sessions were stored conditioned when it was able to produce 95% of CRs per session to the CS-US paired presentation. This criterion was reached by digitally on an eight-channel videotape recording system. Data were transferred off-line, through an A/D converter (CED 1401-the fourth or fifth conditioning session for T-AP and t-AP paradigms, and by the second to fourth session for AP i -AP and ap i -AP plus), to a computer for quantitative analysis. Data were collected at a sampling rate of 1,000 Hz, with an amplitude resolution of 12 taneous and reflexively evoked eye blinks will be presented bits.
first, followed by a description of periodicities observed in Available computer programs (Spike2 and SIGAVG from CED, eyelid profiles for different conditioning paradigms and dur-MATLAB, and Corel Draw) were modified, and new programs ing the acquisition of the CR. A comparison with lid rhythwere developed by one of us to display single, overlapping, aver-micity following a successful hypoglossal-facial anastomosis aged, and raster representations of eyelid position, velocity, and will also be made. acceleration, and of the EMG activity of the orbicularis oculi muscle. These programs also allowed the quantification, with the aid of cursors, of lid movement and EMG parameters, such as latency, Power spectra of reflexively evoked blinks amplitude, duration, and peak and mean values of recorded reAs illustrated in Fig. 1 , a reflex blink consisted of a fast sponses. Velocity and acceleration traces were computed digitally as the first and second derivative of lid position records, following downward lid displacement followed by a longer-lasting, low-pass filtering of the data (03 dB cutoff at 50 Hz and a zero wavy upward phase. The initial fast downward movement gain at É100 Hz). and the later smaller sags were the result of the phasic conThe power of the spectral density function (i.e., the power spec-traction of the orbicularis oculi muscle. Air puff-induced trum) of selected data were calculated using a fast Fourier trans-blinks showed a significantly (P õ 0.01) shorter (11.6 { form to define the relative strength of the different frequencies 0.8 ms, mean { SD, n Å 50, for 100 ms, 3 kg cm 02 air present in evoked lid displacements and EMG records. Standard puffs) latency than those evoked by flashes of light (48.2 { procedures appropriate for continuous processes were used (Bendat 5.9 ms, n Å 50), or tones (51.3 { 7.4 ms, n Å 50). Acand Piersol 1986). According to Newton's second law, the force cording to the position, velocity, and acceleration profiles applied by the orbicularis oculi muscle to close the palpebral fissure illustrated in Fig. 1 , and for the range of stimulus intensities will be directly reflected in the acceleration of the lids (Marshall and Walsh 1956) . On the other hand, acceleration recordings en-used here, air puff-induced blinks exhibited a larger peak hance the higher frequency components of the movement (Halliday lid displacement and velocity than flash-and tone-evoked and Redfearn 1956; Wessberg and Vallbo 1995) . For these two blinks.
reasons, power spectra were calculated from the acceleration re-
The successive downward waves following the initial cordings. Acceleration recordings were divided in 1.024-s seg-down phase of air puff-evoked blinks outlasted the duration ments, starting 100 ms in advance to the presentation of either the of the stimulus and, when measured by hand from peaks in blink-evoking stimulus or the CS. Segments containing CRs were velocity profiles, showed a duration of 40-60 ms. The power selected exclusively from those obtained during the sole presentaspectra of the acceleration profile illustrated in Fig. 1 A tion of the five different CSs. This design allowed the complete (dashed line) presented a significant (P õ 0.01) peak at 20 evoked (reflex or conditioned) lid response to be contained in the Hz. The mean power spectra of 30 air puff-evoked blinks segment, with a spectral resolution of 0.97 Hz. A similar procedure was followed to determine the power spectra of EMG records also presented a significant (P õ 0.01) peak at 17-20 Hz, illustrated in Fig. 6C . For ramp lid displacements during optoki-over a broadband of frequencies between 10 and 30 Hz. netic stimulus, only segments free of compensatory fast phases The mean power spectra of flash-evoked blinks showed a were selected. Unless otherwise stated, illustrated power spectra dominant peak (P õ 0.01) at a lower (14-16 Hz) frequency. correspond to the mean value of power spectra computed from Blinks evoked reflexively by tone presentations seemed to ¢10 different acceleration (or EMG) segments. For comparative oscillate at a dominant frequency (P õ 0.05) of 9-11 Hz. purposes, the 100% value of power spectra (Y-axis) in acceleration It should be noted that owing to the difference in the number evoked blink and to the noticeable difference in their acceler-6E, and cross-spectral values between acceleration and EMG reation profiles, the dominant frequency in the mean power cordings as illustrated in Fig. 6D , were calculated according to available statistical tools (Bendat and Piersol 1986) . The coher-spectra for air puff-induced blink was one order of magnience spectrum was normalized to a 0 to 1 scale. Statistical analyses tude larger than that for flash-evoked blinks, and three orders were carried out using the SPSS/PC / package, for a statistical of magnitude larger than that corresponding to blinks evoked significance level of P Å 0.05. Mean values are followed when by tone presentations. Thus the latency, profile, kinematics, necessary by their standard deviation (SD). Statistical differences and frequency content of reflex blinks seemed to depend on of mean values were determined with the help of the Student's t-the sensory channel used to evoke them.
test or with the analysis of variance (ANOVA), according to the number of categories. Peaks of power spectra were tested with the x 2 -distributed test for spectral density functions.
Dependence of air puff-evoked blinks on stimulus parameters
R E S U L T S As already described Manning and Evinger 1986 ) and further illustrated in Fig. 2 , air puff-evoked The objectives of the present experiments were to analyze the frequency-domain and time-domain properties of sponta-blinks in the cat were highly dependent on the intensity and duration of the applied stimulus. A complete set of different neous, reflex, and conditioned eyelid responses. Because the kinetics of cat blinks have been described recently (Gruart air pressures (0.5, 1, 2, and 3 kg cm 02 ) and durations (10, 20, 50, 100, 200 , and 500 ms) was presented at random, for et al. 1995), they will be referred to only when necessary. Because this paper is concerned mostly with the study of 10 times at least, to 6 of the animals. The increase in pressure of the applied stimulus decreased the latency of the blink from the oscillations present in eyelid learned movements, no systematic presentation of the acquisition process or of the 15.3 { 0.3 ms for 0.5-kg cm 02 air puffs to 11.6 { 0.8 ms for 3-kg cm 02 air puffs. Maximum amplitude of the first downward mechanisms of association will be made (for a review see Gormezano et al. 1983 ). The oscillatory properties of spon-component of lid reflex response increased by three to four J179-7 / 9k20$$no33
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Power spectra of acceleration profiles corresponding to reflex blinks evoked by puffs of air of increasing pressure also increased in their relative strength ( Fig. 2A) . In the same way, the increase in the duration of the reflex-evoking air puff also increased the height of the corresponding dominant frequency (É20 Hz) power spectra until an optimal duration for the stimulus of 100-150 ms (Fig. 2B) .
Power spectra of spontaneous eyelid responses
In the control conditions of the recording room, softly illuminated and with a 60-dB white noise, the animals produced spontaneous blinks at a frequency of 0.2-0.5 times min 01 . At a slightly higher frequency (1-2 min 01 ) they also made a sort of peering lid movement, previously described as a ''friendly eyelid display'' (see Gruart et al. 1995 for references). These two types of spontaneous eyelid response (Fig. 3) were not the exclusive result of the motor activity of orbicularis oculi muscle fibers as checked in the EMG records (not illustrated). Furthermore, these spontaneous eyelid responses were rather variable in maximum amplitude, duration of the down phase, and profile. Consequently, their corresponding mean spectra displayed several peaks. Spontaneous blinks showed three peaks at 2-6, 12-13, and 24-26 Hz, whereas friendly eyelid displays appeared as composed of a broad frequency band of 10-30 Hz.
Power spectra of slow lid movements during ramp optokinetic stimulation
As usual for our recording system, the animal's head was set 21Њ nose down with respect to the horizontal stereotaxic FIG . 2. Frequency-component analysis of reflex blinks as a function of the duration and pressure of air puffs applied to the ipsilateral eye. A and B: eyelid position (EL) and acceleration (ËL) during reflex blinks in response to air puffs of increasing pressure (A) or duration (B). For homogeneity of the results, the stimulus was always triggered from the same eyelid position. Histogram in A shows the mean power spectra of ¢10 acceleration profiles recorded during air puff presentations for 20 ms and with 0.5 (1), 1 (2), 2 (3), and 3 (4) kg cm 02 of air pressure. Histogram in B shows the mean power spectra of ¢10 acceleration profiles recorded during 3 kg cm 02 air puffs of 10 (1), 20 (2), 50 (3), 100 (4), 150 (5), 200 (6), and 500 (7) ms. The 100% value for the Y-axis of illustrated power spectra was 1r5 1 10 7 (deg s 02 ) 2 . Amplitude calibration for EL and Ë L records in A is also for B.
times from the minimum (0.5 kg cm 02 ) to the maximum (3 kg cm 02 ) air pressures applied in these experiments. Peak velocity also increased three to five times for the same set of air pressures. As illustrated in Fig. 2B , for a fixed air pressure (3 kg cm 02 ), the increase in stimulus duration did not modify the kinetics of the first down phase of the blink, only lengthening its duration.
Interestingly enough, the rise time (i.e., the time expended by the lid, during the 1st down phase, from the initial 10% to the final 90% of its total displacement) of the evokedblinks was not significantly modified by the different air pressures and durations, and remained around a mean value of 17.7 { 1.3 ms. This finding indicated that 1) the increased amplitude of the first down phase of eyelid blinks in response to stronger air puffs was almost exclusively supported by a new, subsequent downward waves (Fig. 2B ).
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10-29-97 14:24:11 neupa LP-Neurophys plane. In this position, and with the animal looking straight case, the evoked CR presented a larger amplitude and a staircaselike appearance. It should be noted that the US and ahead, the lower margin of the upper lid was located 5-10Њ over the primary position of the eye by the activity of the the CS-US intervals were the same for the four conditioning paradigms. Furthermore, the maximum amplitude of the four levator palpebrae muscle, with almost no electrical activity in the orbicularis oculi muscle (Evinger et al. 1984 ; Fuchs sorts of CR was reached at the time of US presentation.
The power spectra of acceleration profiles corresponding et al. 1992; Gruart et al. 1995) . Power spectra of 55 segments taken from this lid position in the absence of any noticeable to the four types of CRs showed significant (P õ 0.01) peaks of É20 Hz. The largest amplitude of these CRs was eyelid blink or saccade demonstrated the presence of a significant (P õ 0.01) peak at 19-20 Hz. It is important to reached after the presentation of short (20 ms), strong (3 kg cm 02 ) air puffs as CS (Fig. 4B) . Also, these CRs disindicate that this peak was almost four orders of magnitude smaller than that already described as present during air played the highest peak in power spectra as compared with the other three types of CR, which was Ç50 times larger puff-evoked blinks.
The orbicularis oculi muscle was also inactive during than that measured when tones (T) were used as CS. The height of the É20-Hz peak decreased successively for short slow, ramp lid displacements following upward and downward optokinetic stimuli (see also Fuchs et al. 1992; Gruart (20 ms) , weak (0.8 kg cm 02 ) air puffs ipsilateral to the US (ap i , Fig. 4C ); short (20 ms), weak (0.8 kg cm 02 ) air puffs et al. 1995). As a consequence, the downward movement of the lid during optokinetic stimulation was completely contralateral to the US (ap c , Fig. 4D) ; and 350-ms, 600-Hz, 90-dB tones (T, Fig. 4A ), used as CSs. passive, whereas upward lid displacement was produced by the active, tonic contraction of levator palpebrae muscle fiTo rule out the possibility that the noticeable differences in CR profiles, when using tones or short air puffs as CSs, bers. Power spectra of 40 segments taken from upward lid ramp displacements presented a dominant frequency of 18-were related to the different conditioning paradigms (i.e., ''delayed'' for tones and ''trace'' for short air puffs), an 20 Hz (P õ 0.01), whereas a similar sample of downward lid movements showed a significant (P õ 0.05) peak in additional conditioning paradigm was designed. This new tone, trace paradigm (t-AP) consisted of a 20-ms, 600-Hz, the power spectra in the range 20-22 Hz (not illustrated). Nevertheless, the power spectra of the É20-Hz frequency 90-dB tone as CS, followed 250 ms later by the same US stimulus as for the other paradigms, that is, a long (100 ms), observed during slow, ramp lid displacements were approximately two orders of magnitude smaller than those reported strong (3 kg cm 02 ) air puff. Acquired CRs and their profiles were similar to those obtained during delayed T-AP as defor air puff-evoked blinks. The small-amplitude periodic discontinuities present during straight ahead lid fixation and scribed above. Power spectra of 10 acceleration segments selected from the sixth conditioning session of this t-AP during slow, ramp eyelid displacement suggest that a É20-Hz oscillation is also present in the overall activity of levator trace paradigm also presented a significant peak at É20 Hz, of a height similar to those observed for T-AP, delayed palpebrae motoneurons. Alternatively, a rather small number of orbicularis oculi motor units (unnoticeable for our EMG paradigms (not illustrated). Figure 5 illustrates the variability in the frequency comporecording electrodes) remained active during those lid responses. nent of the CR of different animals for T-AP, AP i -AP, ap i -AP, and ap c -AP conditioning paradigms. Although the power To determine the resonant frequency of eyelids, the amplitude of lid displacement during 1-s trains of electrical stimu-spectra demonstrated a significant ( P õ 0.05 at least) peak at É20 Hz for all the animals (n Å 3 for each paradigm), lation of the zygomatic subdivision of the facial nerve (50-ms, square, cathodic pulses of õ0.5 mA) at frequencies rang-a considerable variability in height was observed for the different paradigms. Also, broad frequency bands were obing from 1 to 200 Hz was checked in two of the animals. Power spectral density analysis indicated the presence of a served for some of the animals, a fact that could be ascribed to the paucity of the experimental data (n É 10) that had significant (P õ 0.001) peak at 26 Hz. By comparison, the power spectra appeared as almost completely flat for to be collected from the same experimental session, and in response to the sole CS presentation. frequencies of stimulation ú50, and õ10 Hz (not illustrated). Accordingly, the cat upper lid seems to have a resonant frequency slightly above those reported here for reflex Frequency-and time-domain analyses of conditioned and conditioned eye blinks. The fusion frequency for the eyelid and orbicularis oculi EMG responses muscle was achieved at 60-70 pulses s 01 .
Cross-correlation studies between the unrectified EMG activity of the orbicularis oculi muscle and acceleration proKinetic characteristics of eyelid conditioned responses files corresponding to reflex and CRs evoked by air puffs showed that the electrical activity of muscle fibers preceded Representative profiles of eyelid CRs obtained during the sixth conditioning session for T-AP, AP i -AP, ap i -AP, and the negative acceleration by 5.5 ms (99% confidence interval, 4.9-6.1 ms). No difference in latency was observed ap c -AP paradigms are illustrated in Fig. 4 , A-D. As already described , latency, maximum amplitude, between reflex and CRs (not illustrated). These values are in agreement with a previous report of EMG activity of the and profile of these CRs were very different, depending on the modality, intensity, and presentation side of the sensory orbicularis oculi preceding movement initiation by É4 ms . cue used as CS (see Rescorla 1988) . Thus CRs evoked by tones when used as CS presented smaller amplitudes and a As illustrated in Fig. 6 , the power spectra of selected segments of EMG activity of the orbicularis oculi muscle smoother, ramplike profile than CRs evoked by ipsilateral short air puffs used as CS. The reason was that, in the latter during the performance of CRs evoked by short (20 ms 
weak (0.8 kg cm
02 ) air puffs (ap i ) used as CS also showed correlation time of the signal seemed to be rather short, a fact that could be ascribed to the shortness of the evoked a dominant peak at 20 Hz, accompanied by other peaks at lower (14 Hz) and higher frequencies. The fact that the response, and/or to the presence of a random variation in the duration of successive eyelid downward sags or waves EMG signal was not filtered as eyelid position profiles left them with high-frequency components not present in the (however, see Fig. 9 , B and C). eyelid acceleration signal. In any case, the coherence between acceleration and EMG power spectra from CRs Evolution of eyelid conditioned-response profiles during evoked during T-AP, AP i -AP, and ap i -AP conditioning para-successive conditioning sessions digms (n Å 1 animal each) was significant (99% confidence limit) for frequencies ú10 Hz.
It was noticed through conditioning sessions that CRs did not occur on an all-or-none fashion, but that they followed The rhythmicity of acceleration profiles (i.e., their variability from eyelid sag to sag) corresponding to different a slow building up that allowed their successive increase in amplitude and time. When short air puffs (AP i , ap i , and ap c ) types of CR was also checked. As illustrated in Fig. 6E , the autocorrelation function of acceleration records showed or tones (T, t) were used as CSs, the CR appeared as a small downward lid movement that (usually) radiated from its repeated peaks at É50-ms intervals. Nevertheless, the auto- and 750 ms). For the shorter (25, 50 ms) intervals, it was not possible to obtain any conditioning of the two animals. For the other intervals (ú50 ms), the conditioning criterion was reached at the fourth through sixth conditioning session. In this situation, CRs showed similar amplitudes, also reaching their maximum displacement values at the time of US presentation, but their durations were obviously different, in function of the selected CS-US interval. Thus, and as illustrated in Fig. 8B , it was observed that the duration of waves composing each CR was É50 ms, independently of the selected interval, i.e., the duration of the waves was not related to the duration of the interval. Apparently, for very short intervals (25 and 50 ms) there was not enough time to generate even a single wave (or quantum) to start the elaboration of a proper CR, and, as a consequence, no CR was observed for these two trace ap i -AP paradigms (not illustrated). It was also found that the ''optimum'' definition of the É20-Hz component of the power spectra was achieved for 150 and 250 ms CS-US interstimulus intervals; that is, FIG . 6 . Frequency-and time-domain analyses of eyelid conditioned re-those values demonstrated by others as the most favorable sponses (CRs). A: from top to bottom are illustrated the displacement for the classical conditioning of the nictitating membrane/ (EL), velocity (E g L), and acceleration (Ë L) of eyelid during a CR, and eyelid response (Gormezano et al. 1983; Rescorla 1988) .
the electromyographic activity of the orbicularis oculi muscle (EMG). Illustrated records were obtained after the sole CS presentation (a short, weak ipsilateral air puff) during the 9th conditioning session, in an ap i -AP Internal structure of a conditioned response trace conditioning paradigm. B: mean power spectra from 10 acceleration profiles recorded during the 9th conditioning session for the same animal
The internal structure of well-defined CRs, selected and paradigm illustrated in A. The 100% value in the Y-axis was 2 1 10 6 (deg s 02 )
2 . C: mean power spectra obtained from the 10 EMG records mostly from those performed after the criterion was reached, was acceleration profiles analyzed in B. The 100% value for the power is illustrated in Fig. 9 . The succession of small (2-6Њ in spectra was 1r2 1 10 3 (mV) 2 . D: coherence spectra between acceleration amplitude) waves that composed a CR showed no significant (data illustrated in B) and EMG (data in C) records, normalized to 0 to 1 tendencies with respect to their duration or that of the duravalues. E: autocorrelation function of the acceleration record in A. Note tion reciprocal, the instantaneous frequency (Fig. 9B) .
peaks repeated at É50-ms intervals. FFT, fast Fourier transform.
The mean velocity of CRs depends on the CS-US interval, and also on the stimulus sensory modality, intensity, and onset, close to the beginning of the CS, toward the US, presentation side (Fig. 4) . Although the mean velocity of where it reached its maximum amplitude. As illustrated in CR responses for ap i -AP paradigms was É50Њ/s, for 250 Fig. 7B , for nine conditioning sessions with an ap i -AP para-CS-US intervals (see Fig. 6A ), the peak velocity of individdigm, CRs seemed to increase by the addition of waves, or ual waves within a given CR was variable, reaching up to quantum of lid displacement, which added to the downward 300Њ/s during ap i -AP paradigms at 250 CS-US intervals movement produced by the preceding one. In this way, the (Figs. 6A and 9C), and up to 500Њ/s during AP i -AP paraprofile of CRs showed evident discontinuities, producing a digms at the CS-US interval checked in the present experistaircase profile. The increase in the number of waves present ments (250 ms), and during ap i -AP paradigms at short (70, in CRs during successive conditioning sessions produced a 100 ms) CS-US intervals (Fig. 8B) . Within a given CR, corresponding increase in the height of the dominant É20-the successive waves seemed to decrease progressively in Hz component (see right set of records in Fig. 7B) . Power peak velocity. Data quantified from four different CRs obspectra of habituation and extinction sessions also illustrate tained from ap i -AP paradigms showed an exponential decay the transformation undergone by acceleration records as a in the peak velocity of the successive waves or sags that consequence of the reduction in the number of components formed the CR profile (Fig. 9C ). (i.e., quanta or waves) of habituated or extinguished CRs (Fig. 7, A and C) .
The intrinsic neural properties that characterized the for-Lid kinetic and frequency-domain properties following a mation of CRs are further analyzed in Fig. 8 . It was observed hypoglossal-facial anastomosis that when CRs were grouped according to the number of quanta or waves present in the CR profile (Fig. 8 A) , the To further prove that lid oscillatory responses reported here are the result of motor commands arriving to the orbicupower spectra for frequencies É20 Hz increased in height (and in significance with respect to surrounding 20 frequen-laris oculi muscle, unpublished records corresponding to a recent work from our group (Gruart et al. 1996) were reanacies) with the number of waves. It should be noted that this precise elaboration of the CR is entirely from a central origin, lyzed. Data shown in Fig. 10 illustrate lid position and acceleration profiles, as well as the EMG activity of the orbicularis because no stimulus was present during the CS-US interval during trace conditioning paradigms (Figs. 6A, 7B, and 8A) . oculi, while the animal licks a few drops of milk delivered from a nearby pipette. Records were taken 6 mo after left As explained in METHODS, seven animals were reconditioned again with the same trace paradigm ap i -AP but at hypoglossal-facial anastomosis. The fast Fourier transform analysis of 1.024-s acceleration records showed a significant different CS-US time intervals (25, 50, 70, 150, 250, during the oscillation, that is, at the moment of greatest kinetic energy (Goodman and Kelso 1983) .
Quantal mechanisms underlying eyelid responses
As reported for different species of mammals (Evinger et al. 1984 Gruart et al. 1995; Guitton et al. 1991; Manning and Evinger 1986 ) the down phase of a reflex blink is linearly related to its peak velocity but shows no relation with the duration of the movement. Because the rise time of the down phase remains constant, changes in blink amplitude seem to be the exclusive result of proportional changes in blink velocity. In other words, the initial phase of air puffevoked blinks can be modified in amplitude, depending on stimulus strength, without any modification of its total duration that remains around É50 ms. Double pulse (10 ms of pulse duration) air puff stimulation in alert cats showed a facilitatory response at an interval of 50 ms .
Motor strategies aimed at the generation of a CR also have to take advantage of the same neural motor design. A consolidated CR could be considered the optimal solution of a temporal-spatial problem. The lids have to be close together at the moment of US presentation. According to the present results, CRs are elaborated in the same step-wise ently continuous movements, such as fast alternations of air puff to the eye ipsilateral to the US presentation. Note variability in body appendages (hand, arm), present some discontinuities peak velocity and frequency during the CR. B: evolution of sag frequency in their acceleration profiles, and, in whatever case, cannot (in Hz) ments are initiated at points of maximum angular velocity J179-7 / 9k20$$no33
10-29-97 14:24:11 neupa LP-Neurophys involvement in reflex blinks, while tones are behaviorally more prone to evoking emotional and socially relevant eyelid responses, which require a more precise performance. This hypothesis also explains the fact that tone-evoked CRs present both a shorter maximum amplitude as compared (for the same conditioning session) with air puff-evoked CRs, and a less-defined 20-Hz component, as tonic motor units fire at frequencies close to or even above the fusion frequency of the orbicularis muscle (Gordon 1951 and the present results). Tone-evoked CRs also presented a longer latency because of the polysynaptic pathway to facial motoneurons. As a result, tone-evoked CRs (both during delayed and trace paradigms) showed a smoother profile than air puff-evoked ones (see also Gruart et al. 1995) . It can be proposed, then, that the latency, kinematics and frequency-domain characteristics of a learned movement depend on the sensory channel used to generate it. According to the present results, lid movements (mostly those evoked by trigeminal inputs) are the consequence of a 20-Hz oscillator in which both the amplitude of a given wave or sag and the repetitive sequence of 50-ms waves can be precisely controlled by the CNS. For reflex blinks, the amplitude of the initial down phase can be modified increas- peared to be different, probably because, by definition, CSs Records were taken 6 mo after an ipsilateral hypoglossal-facial anastomosis (see Gruart et al. 1996 , for details). B: the continuous line indicates the have to be unable to produce an initial strong eyelid remean power spectra of 30 acceleration records (1.024 s each) during licking. sponse. Moreover, for trace conditioning, the CR has to be For comparison, the power spectra illustrated in Fig. 6B is also represented elaborated in the absence of any sensory input; that is, with (---) . The 100% value for the Y-axis was 2 1 10 6 (deg s 02 ) 2 .
the exclusive participation of central neural processes. In this situation, the quantal nature of movement acquisition became more evident (see Figs. 7 and 8), as well-defined manner as the late components of reflexively evoked blinks; that is, successive waves of 2-5Њ in amplitude and É50 ms in CRs were achieved during successive CS-US trials, by the adding of an increasing number of small, downward lid duration are generated increasingly throughout conditioning sessions until the appropriate motor response is reached. movements until the desired motor response was achieved; that is, to have the lid closed at the moment of US presentaHere again, the number of waves and their amplitude seem to be a function of the stimulus modality, intensity, and tion. It could be proposed that neural mechanisms are organized in such a manner as to be able to regulate both the presentation side of the CS, and of the CS-US interval (Gormezano et al. 1983; Gruart et al. 1995; Rescorla 1988) . The duration and the intensity of the neural volley. In this way, both amplitude and duration of the lid displacement can be effect on CR profiles of different US has not been considered here, but has also been reported from a kinetic point of view precisely controlled during the learning process. An alternative suggestion is that, in general, neuronal circuits have to (see Gormezano et al. 1983; Rescorla 1988 for references) .
The fact that CRs depend on both kinetics and frequency-be tuned to the mechanic properties of the systems they must move. In this sense, the dominant frequency of a given cirdomain properties could be hypothesized as that they are dependent on the peculiar organization of the pathways in-cuit should increase as body size decreases, or the metabolic rate increases. Indeed, available data show that the maximum volved. When short air puffs are used as CS, the stimulus probably arrives, by intermediation of second-order trigemi-spectral power of reflex blinks occurred at 7.8 Hz in humans (C. Evinger, personal communication), 10-15 Hz in rabbits nal neurons, at large, phasic motoneurons, while when tones were presented as CS, the stimulus arrives, by a polysynaptic (Berthier 1992; Gruart et al. 1997b; Welsh 1992) , É20 Hz in cats (present results), and 29.29 Hz in guinea pigs (C. pathway, at small, tonic motoneurons. The presence of both pools of motoneurons within the orbicularis oculi subdivi-Evinger, personal communication). sion (i.e., the dorsolateral complex of the facial nucleus) has been proved on both morphological and electrophysiological Origin of the 20-Hz oscillation underlying reflex and grounds (Fanardjian and Manvelyan 1987; Shaw and Baker conditioned eyelid responses 1985) , and is also reflected in the functional properties and distribution of motor units within the orbicularis oculi musLlinás (1991) has provided elegant evidence for a role of the inferior olive in the coherent organization of movement cle (Gordon 1951) , with the more phasic motor units placed in the tarsal lid and the tonic ones occupying a more periph-on the basis of the 10-Hz, intrinsic oscillatory properties of inferior olive neurons. In his view, the climbing fiber system eral location. The more direct access to phasic units from trigeminal inputs could be explained by their more direct operating in cerebellar circuits will act as a timing device able to synchronize the appropriate onset of muscle activity visual information during the awake state (Evinger et al. 1984; Gruart et al. 1995) . In this line of thought, some during movement. Nevertheless, different motor systems seem to have different oscillation frequencies, a fact that is reflex and voluntary lid movements in humans could be synchronized with the 40-Hz coherent magnetic activity rerelated not only to their resonant properties (i.e., resonant frequency is inversely proportional to the square root of the corded in humans during awareness (Llinás and Ribary 1993). mass), but also to their function. For example, 6-7 licks/s have been described in rat licking (Welsh et al. 1995), 8- This cortical and basal nuclei information seems to reach facial motoneurons by polysynaptic (motor cortex, superior to 10-Hz cycles are present in voluntary finger movements in humans (Wessberg and Vallbo 1995) , synchronous 30-colliculus, amygdala complex) and monosynaptic (amygdala) pathways ; Fanardjian and ManvelHz EMG activity in cat neck muscles have been recorded during paw licking (Loeb et al. 1987) , and the eye seems yan 1987). Recently, it has been reported that amygdala stimulation enhances reflex eyelid responses in the rat to oscillate at 40-70 Hz (see Marshall and Walsh 1956) . Such a broadband of oscillatory frequencies suggests differ-through a short-latency mechanism (Canli and Brown 1996) . Thus lid responses, because of their narrow relationent sources governing action tremor, but at the same time reinforces a central neural control of it. The fact that lid ship with attentive (mostly of visual origin) processes and with the precise expression of emotional states, apparently principal oscillation frequency was dramatically modified after a hypoglossal-facial anastomosis (Gruart et al. 1996 need to be controlled by a fast (É20-Hz) oscillatory neural motor system. and the present experiments) further reinforces the suggestion that there are different oscillatory systems controlling
The putative neural site where learning of new eyelid motor responses takes place has been a subject of contromotor responses in accordance with their functional needs. Gordon (1951) reported that orbicularis oculi motor units versy in recent years (see Aou et al. 1992; Bloedel 1992; Thompson 1986 ). The oscillatory properties of the eyelid in humans can be divided in two groups. One group consists of phasic motor units, preferentially located under the tarsal motor system seems to preclude the inferior olive/climbing fiber system as a neural carrier of such high-frequency messkin, and able to fire in short bursts of 1-3 spikes at a peak frequency of up to 180 spikes/s. The other group, located sages. However, cat interpositus neuron firing follows in a time-locked manner the recurring waves composing reflex in more peripheral orbital areas, is composed of tonic fibers capable of a sustained firing of ú50 spikes/s. A third, inter-and conditioned blinks (Gruart and Delgado-García 1994; Gruart et al. 1997a ). It could be suggested that these fast mediate group has also been described (Gordon 1951; Van der Werf et al. 1996) . Phasic units seem more involved in (É20 Hz) efferent-copy commands arrive at cerebellar structures via mossy fiber afferents. On the other hand, it reflex, fast lid responses, whereas tonic units are active during lid movements related to emotional and attentive states. has been reported that pericruciate cortex neurons fire at frequencies high enough (25-30 Hz) and latencies short The uneven distribution of phasic and tonic motor units (McLoon and Wirtschafter 1991) could explain why EMG enough (Aou et al. 1992) to be involved in the generation and/or modulation of eyelid learned responses, and that records from the orbicularis oculi muscle do not exactly match lid acceleration profiles and suggest that frequency-amygdala neurons have direct (i.e., monosynaptic) access to facial motoneurons (Canli and Brown 1996 ; Fanardjian domain analysis should be better made from the total output of the muscle, that is from actual lid displacement. On the and Manvelyan 1987). As a consequence, cortical and amygdalar structures should be considered for their putative basis of both morphological (Porter et al. 1989 ) and physiological (Gruart et al. 1996) experiments, it has been pro-involvement in learned eyelid responses in future experiments. posed that orbicularis oculi muscle lacks the proprioceptors, so the rhythmic activity present in its motor units has to be entirely of a neural central origin.
